Abstract Through complementarity interactions, mixedspecies forests can be more productive than monocultures, and this effect can increase with tree-species richness. However, this is not always the case. This review examines the processes and stand structural attributes that can influence diversity-productivity relationships (DPRs); how they influence resource availability, resource uptake, and resource-use efficiency; and also describes some important differences between tree-diversity versus grassland-diversity experiments. The size of the complementarity effects caused by these processes and stand structures varies along spatial and temporal gradients in resource availability and climate. These spatial and temporal dynamics have now been examined in many studies, and the general patterns are summarized using a simple framework; complementarity is predicted to increase as the availability of resource BX^declines (or climatic condition X becomes harsher) if the species interactions improve the availability, uptake, or use efficiency of resource X (or interactions improve climatic condition X). Importantly, this framework differs from the stress-gradient hypothesis to account for a wider range of inter-specific plant interactions (not only facilitation) by considering contrasting methods used to quantify species interactions while accounting for stand structure. In addition, complementarity (as opposed to facilitation) for a given species combination can increase as growing conditions improve in forests, contrary to predictions of the stressgradient hypothesis with regards to facilitation. This review indicates that while the effects of tree-species diversity on growth and other forest functions are now receiving a lot of attention, far less is known about the effects of structural diversity on growth or forest functioning. Direct measurements of the processes, as opposed to focusing mainly on growth responses, could greatly contribute to our understanding of structural diversity effects.
Introduction
Mixed-species stands can be more productive than monocultures. A global meta-analysis of studies comparing mixtures and monocultures found that mixed-species stands were on average 24 % more productive than the mean of the monocultures of the given species combination, site, and age [1••] . While many of the mixtures included in the meta-analysis contained only two species, numerous studies have shown that the productivity of forests can increase as the number of tree species increases (Fig. 1) . These diversity-productivity relationships (DPRs) result from the growth dynamics of all species within the mixture and from their interactions.
To interpret Fig. 1 , it is critical to consider that DPRs are also affected by stand density, resource availability, climatic conditions, stand age, disturbances, and whether species compositions are confounded with diversity levels; the species that are included at lower levels of diversity should be the same as those included at higher This article is part of the Topical Collection on Ecological Function diversity levels to avoid sampling effects (Table 1) . When the effects of these factors are separated from the diversity effects, the mechanisms driving the DPRs can become clearer and the slopes of the DPRs tend to be lower. For example, most of these factors were accounted for in the meta-analysis shown by the thick brown line in Fig. 1 .
This review examines DPRs in forests, the processes, stand structures, and interactions that drive them and how they change along spatial and temporal gradients in resource availability or climatic conditions. Tree diversity is quantified differently in different studies. The most common is tree-species richness (number of tree species), followed by tree-species diversity, which is similar to tree species richness but also accounts for the evenness of the contribution of each species [2] . Other measures consider functional diversity and phylogenetic diversity; however, these are less commonly calculated, are harder to measure, and do not necessarily describe a higher proportion of the variation in productivity than tree-species richness or tree-species diversity [3, 4•] ; these latter ones will be used in this review.
While this review focuses on forests, it is important to acknowledge that DPRs in grassland communities have received a lot of attention, with a wide range of DPR slopes reported [5] , consistent with the forest communities in Fig. 1 . However, there are several important differences between tree-species communities and grassland communities that can make comparisons challenging, even when some of the processes, or the resulting patterns, are the same. For example, grassland studies often run for several lifetimes of many component species [6] , whereas tree studies tend to run only for a (short) proportion of the potential life span of the trees. As a result, there are higher levels of mortality, recruitment (possibly also clonal reproduction), and species replacement during grassland community studies [6, 7] , thereby influencing species proportions, evenness, age structures, etc. This does not occur to the same extent in planted tree diversity experiments because many of the individuals present at the start are often still there after many years, it is unlikely or rare that species are lost from plots over short-to mediumterm periods, and no (or very few) new individuals will have been recruited into the canopy layer of the community [8, 9] . This is an important distinction because in natural forests where recruitment was accounted for in the analyses, the positive DPRs resulted from higher recruitment in plots with higher tree-species diversity, as opposed to species interactions between, or faster growth of, the already established trees [10] . There can therefore be contrasting processes behind the temporal dynamics of grassland mixtures compared with tree mixtures where recruitment does not occur (or is accounted for in the analyses).
There are also large differences in the physiology and structure of trees compared with grasses and herbs. For example, the proportion of carbon partitioned to tissues used to capture and use resources (leaves and fine roots), as opposed to structural support tissues, was found to be approximately three times greater in grassland ecosystems compared with forest ecosystems in a global metaanalysis [11] . This has implications for many of the factors listed in Table 1 , both in terms of the processes and the stand structural attributes. For example, within a single year, short-lived plants can replace nearly all aboveground structures, thereby rebuilding the whole canopy. In contrast, trees take much longer to develop their crowns and small differences in tree crown architectural Fig. 1 Relationships between productivity and tree-species richness. Productivity was quantified as growth in terms of basal area, biomass, wood, or carbon mass. For a given study, the y axis shows the mean productivity of a given richness level P mix À Á divided by the mean productivity of each monoculture in that study P mono À Á or the treatment with the lowest species richness if no monocultures were examined. For some studies, the Bmeans^were calculated from regression lines. Studies that included standing stocks rather than growth were not included unless they were young plantations because standing stock is not necessarily correlated with productivity, particularly not at densities beyond canopy closure [121] , and diversity-standing stock relationships can therefore be influenced by a different combination of factors compared with DPRs. The thick lines indicate the studies that accounted for factors that may have been confounded with species richness such as site characteristics, species pools, and stand density, either via the statistical analyses or because they were planted experiments. Note that while the P mono is often lower than P mix ; there may still have been monocultures that were more productive than the most productive mixtures [ 16, [77] [78] [79] Chemical, spatial, or temporal stratification P and S Cr Inter-and intra (age and size)-specific differences in mycorrhizal associations, fine-root architecture, vertical distributions of roots or seasonality in root growth, and resource uptake that result in reductions in competition for nutrients and hence greater total resource uptake. May also lead to the occupation of a greater soil volume.
[ 16, [80] [81] [82] [83] [84] [85] Nutrient mineralization P F Changes in nitrogen mineralization and nitrification rates can influence nitrogen availability. Lack of mycorrhizal colonization of tree roots in non-native species may be overcome through admixture of native species and increase uptake.
[86], Miller et al. 1986 cited in [87] Canopy nitrogen retention P and S F Increase the nitrogen availability and uptake (of dissolved nitrogen by leaves as opposed to roots) by mixing species to change the stand structure in terms of increasing the leaf area and canopy roughness (via canopy stratification). Species may have complementary leaf physiology and morphology (wettability, cuticle thickness, nitrate reductase activity, and preferences for different forms of nitrogen) and contrasting phenology (to reduce temporal variation).
[88]
Water-related Hydraulic redistribution P and S F Water availability and uptake for one species may be improved during dry periods when mixed with a species that can access water from deeper and moister soil layers and redistribute it to shallower drier soil. [89, 90] Shared mycorrhizal networks P and S F Carbon, water, and nutrient uptake for a given species may increase if these resources are transferred to it via a shared mycorrhizal network with another species.
[91]
Other spatial stratification P and S
Cr
Increased water uptake resulting from the use of different water sources, e.g., extracting water from different depths due to inter-specific differences in root distribution, architecture or activity, or due to species interactions that change these factors. [17, 92, 93] Canopy interception P and S
Inter-specific differences in the proportion of precipitation that is intercepted by the canopy influence the availability of water and the proportion of precipitation that can be used by the trees. [92, 94, 95] Transpiration and wateruse efficiency P Cr Inter-specific differences in water-use efficiency or transpiration rate (per unit crown projection area or sapwood area) will influence whether water availability (and uptake) is higher or lower for a given species in mixture compared with its monoculture; e.g., if a species A is mixed with another species B that has a high demand for water, species A may experience more intense competition for water in mixture, while species B experiences less intense competition. [20, 96] Litter layer as a sponge or barrier P F or Cr [92, 97] 
The interactions between species can influence the crown architecture and allometry of a given species (e.g., relationship between diameter and height, live-crown length, crown width, and height to crown base) and hence its ability to absorb light. [22, 33, 105, 107, 109] Physiological differences P
Combinations of species with contrasting physiology (photosynthetic rates, LUE, and shade tolerance) and appropriate positioning within the canopy (e.g., shade-intolerant species overtopping more tolerant species) could increase LUE and facilitate the maintenance of the canopy structures described above. These inter-specific differences can be exacerbated when species interactions influence the physiology of a given species.
[1••, 21, 102] Phenological differences P
Competition for light will be reduced when an evergreen species is growing next to a deciduous species. Even deciduous species may benefit when they are next to other deciduous species that produce their leaves later or lose them earlier.
[107]
Factors that potentially influence multiple resources Carbon partitioning P and S
Possibly Cr
Carbon partitioning and tree allometry influence the ability of trees to acquire and use resources and can change in response to species interactions that influence resource availability. Greater above-ground biomass in mixtures does not necessarily mean greater net primary production and may only reflect shifts in biomass partitioning from belowground to aboveground.
[ 31, 32] Stand density S -Increases in stand density can increase, decrease, or have no effect on complementarity. The direction is likely to depend on the resources that are influenced by the species interactions and how the change in density influences those resources.
[ [44] [45] [46] [47] [48] Recruitment and mortality P and S -Mortality rates for a given species can vary between mixtures and monocultures, although the processes driving mortality patterns are not well understood and may result from many contributing factors that affect mixtures and monocultures differently (e.g., the plant interactions described in this table, pests, climate, fire, and stand density).
Similarly, recruitment rates can vary with tree-species richness. Growth due to recruitment, or the loss in growth due to mortality, can drive DPRs in forests more than the pre-existing trees.
[10, 65-67, 111, 112] Evenness S F or Cr Evenness refers to the contribution each species makes to the mixture. In the most
Beven^mixtures, all species contribute the same proportion of total stand biomass, basal area, trees per hectare, etc. The more even the mixing, the more likely each individual will be interacting with different species rather than with other individuals of the same species and hence the greater the likelihood of inter-specific interactions.
Selection and sampling effects P and S -Sampling and selection effects are similar and are not easily placed within this table, especially the former. The sampling effect is used to refer to the fact that the probability of including a highly productive species increases with the level of diversity and may cause a positive relationship between diversity and productivity. The selection effect occurs when a species dominates a community and influences the relative yield of the associated species. This dominant species may be a very productive or very unproductive species, and hence, unlike the sampling effect, the selection effect could be positive or negative, respectively. [113, 114] Biotic Insect herbivory and leaf pathogens P and S F A given tree species can be less prone to damage by a given forest insect herbivore or leaf pathogen when grown in a mixed stand than in a monoculture. For insect herbivory, the mechanisms behind associational resistance, where the mixing of herbivore-susceptible species with herbivore-resistant plant species can reduce the herbivory in the susceptible species, have been reviewed. Reduced herbivory and pathogen attack increase resource-use efficiency because leaf or root tissues can perform more effectively and less tissue needs to be rebuilt to compensate losses.
[ [115] [116] [117] [118] Other patterns Stability of biomass production through time --Stability can be defined as the mean divided by the standard deviation of productivity for each growing period and has been attributed to three main patterns, overyielding, asynchrony of species, and species interactions. Overyielding increases stability by increasing productivity relatively more than it increases the standard deviation of productivity. Asynchrony can increase stability because different species respond differently to inter-or intra-annual climatic conditions, which allows mixtures to remain productive under a wider range of climatic conditions, thereby reducing the standard deviation of productivity. Species interactions can reduce the temporal productivity variability of individual species. In addition, mixture effects may vary between years such that overyielding occurs in climatically unfavorable years, whereas underyielding occurs in favorable years leading to less variation in productivity when compared to monocultures.
[41, 119] The slope of DPRs can change as an artifact of the plot sizes. The DPRs of larger plots can be more variable and the individual plots are more likely to have a higher tree-species richness and to cover a greater range in growing conditions (and hence productivity).
[120]
Many processes depend on structural attributes and vice versa; therefore, both are included in this table but are specified in the second column as a process (P) or structural attribute (S). The third column indicates whether the given process or structural attribute is a facilitative (F) or competitive reduction (Cr) interaction. Several factors might influence the strength of F or Cr interactions but cannot simply be assigned to either. These are indicated by B-â Note that when there are increases in the availabilities or uptake of water, light, or nutrients, the efficiencies with light and water (and sometimes nutrients) that are used can increase [16, 20, 22, 28] . These changes in resource-use efficiency are not always specified in the table characteristics can accumulate year after year to have much larger effects as the stand canopy develops [7, 12] . This difference in the turnover rate of above-ground structures may also make forests less resilient than grasslands to disturbances [12] . In addition to these dynamics, the actual approaches used to quantify species mixing effects can vary between tree-and grassland-diversity experiments. For example, results presented for grassland experiments are often at the plot level and include means or totals for either a given species or the whole community. In contrast, it is relatively easy to examine the growth, resource capture, and resource use of individual trees or neighborhoods within a forest, and results are often also presented at the individual level in order to further understand the stand-level patterns, such as via allometric relationships, competition indices, and size distributions [13] .
Processes Influencing Diversity-Productivity Relationships
The production ecology equation (Eq. (1) [14, 15] ) provides a framework to describe how different processes and species interactions can influence the growth of mixed-species forests.
Gross primary production ¼ resource supply Â fraction of resource acquired Â resource use efficiency ð1Þ
For example, when the focus is on growth responses to light-related species interactions, above-ground biomass growth (Mg ha −1 year −1
) can be described using Eq. (1) as a function of the availability of photosynthetically active radiation (GJ ha −1 year −1 ), the proportion of radiation that was absorbed (a fraction), and light-use efficiency (Mg biomass per GJ of absorbed radiation). Equation (1) has been used previously to examine the interactions in mixed-species stands in relation to nutrients [16] , water [17] [18] [19] [20] , and light [21, 22] . Many processes can influence diversity-productivity relationships in forests (Table 1) . They are generally based on inter-specific differences in physiology, phenology, or morphology or intra-specific differences that result from interspecific interactions. These processes are often grouped into those that represent competitive reduction or facilitation. Facilitation occurs when one species improves the resource availability, climatic or biotic conditions for another species, subsequently improving its growth or survival [23] . Examples of facilitative processes include symbiotic nitrogen fixation [24] ; hydraulic lift [25] ; and improved climatic conditions, e.g., prevention of frost [26] . In contrast, competitive reduction occurs when the intense intra-specific competition in monocultures is replaced by less intense inter-specific competition in mixtures [23] . Examples of competitive reduction processes include temporal, spatial, or chemical stratification within root systems and canopies that reduce competition for soil resources or light. Collectively, facilitation and competitive reduction are often referred to as complementarity.
The processes in Table 1 are not independent of each other. For example, increases in resource availability are likely to result in an increase in light-and water-use efficiencies [27, 28] . Increases in growth rates due to processes such as symbiotic nitrogen fixation may accelerate the development of stand structural diversity and hence influence processes related to structure (see column 2 in Table 1 ).
This inter-dependence also makes it difficult to separate the effects of facilitation and competitive reduction or even whether a given species is having a complementary or competitive effect on a single resource. For example, a given species can have different traits that simultaneously increase and decrease the availability of a given resource, e.g., for the resource water, low interception rates through pendulate leaves but high transpiration rates through dense fine-root systems. Therefore, just because a process is found to change in a mixture does not mean it has a significant net effect on growth because there may be opposing effects on the same resource or the process itself may simply be too weak to significantly influence growth. For example, growth often increases in mixtures containing nitrogen-fixing species, and this is often, at least partly, due to improved nitrogen availability and uptake, while a number of other interactions may also contribute [24] . However, sometimes there can be high rates of nitrogen fixation but no growth increase because nitrogen is not one of the most limiting resources at the site [29] . The production ecology equation and even more so, mass balance approaches, are useful tools to determine the contributions and importance of different processes [13, 30] . For example, a mass balance approach was used to determine whether greater above-ground productivity of mixtures was associated with greater total productivity or a shift in biomass partitioning between below-ground and above-ground biomass pools, or both. In some cases, the increase in above-ground production resulted only from a shift in partitioning, while in other cases, it was also associated with increased total productivity [31, 32] .
As indicated in Table 1 , many complementarity processes have already been identified. Therefore, the following sections will focus on factors such as spatial or temporal gradients in resource availability or climatic conditions or stand structure that can also modify diversityproductivity relationships.
Spatial and Temporal Dynamics
The relative difference in productivity between monocultures and mixtures often increases with increasing tree-species richness (Fig. 1) . The rate of increase typically declines as tree-species richness increases. However, there is clearly considerable variability between the DPRs in Fig. 1 and the slope of these DPRs can change along spatial or temporal gradients in resource availability or climatic conditions, even for a given species pool. An understanding of these spatial and temporal dynamics is essential to predict when and where different types of processes (Table 1 ) are likely to lead to small versus large increases in ecosystem functions in mixtures compared with monocultures.
It is important to note that we are referring to spatial and temporal changes in the DPR of a given species pool; the species at low levels of diversity are exactly the same as those at high levels of diversity. This reduces the possibility of a sampling or selection effect (Table 1) . We are also focusing on studies without recruitment. In forests, growth due to recruitment can sometimes influence DPRs considerably more than the growth of the main (pre-existing) tree population [10] , which may actually sometimes have a neutral DPR while
Complementarity Temporal or spatial changes in growing conditions
Low availability of resource "X", or climate condition "X" is unfavourable Species interactions improve the availability of "X" or climatic condition "X"
High availability of resource "X", or climate condition "X" is favourable Species interactions do not change the availability of "X" or climatic condition "X" Fig. 2 A framework showing how the relative complementarity of given combinations of species change along temporal or spatial gradients in resource availability or climatic conditions. The solid red line in a shows a general pattern where complementarity increases as the availability of resource BX^declines (or climatic condition X becomes harsher) because the species interactions improve the availability, uptake, or use efficiency of resource X (or interactions improve climatic condition X). For example, if X is light, then complementarity might increase as light availability per tree declines (e.g., along a gradient of increasing stand leaf area index) and species interactions improve light absorption or light-use efficiency. The blue dashed line in a is a case where the species interactions do not lead to any change in complementarity along the gradient because complementarity does not result from interactions that influence X or there is no complementarity for this species combination. Part b shows how different types of interactions could lead to contrasting complementarity patterns along a single gradient. The dashed purple line in b is an example of a community where the species interactions improve water availability, uptake, or use efficiency. These types of interactions result in larger complementarity effects as water becomes more limiting. The solid orange line in b is an example of a community where the species interactions improve light absorption or light-use efficiency and therefore complementarity increases with soil resource availability; as water and nutrient availabilities increase, stands can develop large leaf areas but competition for light will also increase, so any interactions that improve light absorption or use efficiency will become increasingly useful. Linear relationships are shown, but while many similar relationships reviewed by Forrester [34••] were approximately linear, there is currently not enough empirical information to determine what the shapes of these relationships might be. Modified from [45] and [34••] the total stand (due to recruitment) has a positive or negative DPR. We therefore do not consider the effects of recruitment because it can result from many different types of disturbances and lead to many different factors listed in Table 1 , pushing it beyond the scope of the simple framework described in this section.
A Framework for Predicting Spatial and Temporal Changes in Complementarity
We found no studies in forests with species pools of >2 species that examined spatial dynamics and only one that examined temporal dynamics. That study showed that the slope of a DPR in Iberian forests was higher during wet years and lower during dry years [33] . Many more studies have examined the spatial and temporal dynamics of species interactions in two-species mixtures. A review of these studies showed that the spatial and temporal changes in complementarity followed the simple pattern shown in Fig. 2 [34••] . When species interactions improve the availability, uptake, or use efficiency of a resource that is becoming more limiting along the spatial or temporal gradient, complementarity also tends to increase along that gradient (Fig. 2) . Figure 2b indicates how the importance of water-and light-related interactions may change along a gradient. It is important to note that Fig. 2b presents only an example of a specific case of the general framework shown in Fig. 2a . The pattern in Fig. 2b does not mean to imply that water-related interactions cannot also be important on the same (moist) sites where light-related interactions are important [34••] . For example, on moist sites located at the right-hand side of the x axis in Fig. 2b , there may be temporal changes in water availability due to droughts, such that during dry periods, water-related interactions become more important than during average conditions for that site. Similarly, as a stand develops over time, which may be located on a site anywhere along the x axis, the competition for light, water, or nutrients may increase, thereby increasing the importance of these types of interactions as the stand develops; the opposite could also occur. Increases and decreases in complementarity with increasing age have been reported for tree mixtures, and when some of the processes in Table 1 were also measured, the patterns were consistent with the framework in Fig. 2 [34••] . Nevertheless, it is clear that this simple framework cannot simultaneously show all the different spatial or temporal gradients, or different processes, that are typically occurring in a single forest. The prediction of dynamics resulting from several simultaneously occurring processes can be achieved using process-based models that contain many of the processes or structural attributes listed in Table 1 [35, 36] .
The Stress-Gradient Hypothesis as a Special Case Within the Conceptual Framework for Describing Complementarity in Forests
Many studies about mixed-species forests use the stressgradient hypothesis to interpret results. The framework in Fig. 2 is similar but also distinctly different to the stressgradient hypothesis, which suggests that facilitation will increase, and competition decrease, as conditions become harsher [37] . The stress-gradient hypothesis is a special case that fits within the framework in Fig. 2 but differs from it in three main ways. Firstly, the stress-gradient hypothesis deals with facilitation and not with competitive reduction interactions. The stress-gradient hypothesis therefore excludes many of the processes listed in Table 1 , including all light-related processes as well as all water-/nutrient-related processes involving chemical, temporal, and spatial stratification.
Secondly, the quantification of facilitation itself usually differs in forest studies compared with those done under harsh environmental conditions where the stress-gradient hypothesis was developed [34••] . In stress-gradient hypothesis studies, facilitation is often quantified as the difference in growth, survival, or fitness of a plant growing with neighbors compared to a plant without neighbors. This no-neighbor situation is uncommon in forests, where facilitation and competitive reduction are often quantified as the difference in growth (or survival) of mixtures compared with monocultures. The stress-gradient hypothesis studies therefore confound species composition with stand density [34••] , which is a critical factor affecting forest growth and complementarity [4•] , as explained below. Also, competitive reduction interactions cannot be quantified using a no-neighbor situation as a control, making it less common for the studies used to develop the stress-gradient hypothesis to consider competitive reduction interactions.
A third difficulty is that there are usually several simultaneously occurring processes driving the complementarity effects in mixed-species forests. Some may be facilitative, while others reduce competition. However, the contribution of each process to the total complementarity effect is very difficult to quantify and this is rarely attempted.
As a result of the three distinctions, described above, between stress-gradient hypothesis studies and forest studies, it is rare that forest studies fit the criteria on which the stressgradient hypothesis is based unless it is clear that facilitative processes (see Table 1 ) contributed most strongly to the complementarity effect or where the effects of facilitation can be separated from those of competitive reduction. However, we are not aware of any study in forests where facilitative interactions occurred in the absence of competitive reduction interactions or where the effects of facilitation had been separated from those of competitive reduction. The importance of the three distinctions described above is also illustrated by the fact that recent meta-analyses about the stress-gradient hypothesis do not include any studies about tree-tree interactions in forests [38, 39] .
Despite these three distinctions between the studies used to develop the stress-gradient hypothesis compared with forest studies (and the framework in Fig. 2 ), several studies in forests have used the stress-gradient hypothesis to explain why complementarity increases as environmental conditions become harsher or along gradients of declining site productivity (e.g., [40, 41] ). However, while the patterns in those studies were consistent with the stress-gradient hypothesis, a global meta-analysis found no consistent pattern [1••] , and contrary to the stress-gradient hypothesis, positive relationships between complementarity and growing conditions were found in about 25 % of forest studies in a literature review [34••] . The framework in Fig. 2 predicts that complementarity can increase with resource availability or climatic conditions when the interactions between species improve light absorption or light-use efficiency. That is, as soil fertility or water availability increases, forests can develop larger leaf areas and so competition for light will probably increase. Therefore, any interactions that improve light absorption or light-use efficiency in the participating species could become increasingly important [22] . While the light-related interactions in Table 1 could also significantly increase light absorption in forests on infertile and dry sites, they are less likely to contribute to a positive DPR on such sites because growth is more limited by other resources. Figure 2 also explains why complementarity effects in many mixtures containing nitrogen-fixing species [24] were not correlated with site productivity or climatic conditions (as predicted by the stress-gradient hypothesis) and were instead related to soil nitrogen availability [34••] .
This framework (Fig. 2) was developed by focusing on individual tree species within a mixture. We suggest that it is also applicable to the total community complementarity effect, the sum of all tree species within the stand. That is, while some species within a diverse mixture may grow faster than in their monoculture, other species may suffer and grow slower in the mixture; however, the total complementarity effect of all species within the given mixture is hypothesized to follow the same pattern as shown in Fig. 2 .
Stand Structure
Many of the processes in Table 1 depend on differences in structures between mixtures and monocultures. Accounting for stand structure is critical when examining DPRs, when linking tree-and stand-level patterns, and is often an important consideration in experimental designs. There are many ways to define stand structure [42] , and the processes in Table 1 could be divided into three broad aspects of stand structure, horizontal, vertical, and their variability in terms of structural diversity. Vertical structure is largely expressed in the stratification of crowns and root systems. Horizontal structure could be quantified as the horizontal variability in microsites [43] , in terms of stand density, or as the evenness of mixing species (or age or size classes) in terms of species proportions or spatial arrangement that may be patterned fine (tree-bytree) intermediate (row-by-row or cluster-by-cluster) or coarse (group-by-group or patch-by-patch), where the spatial extent of a group or patch covers at least the crown projection areas of several mature trees of a given species.
Stand Density
Stand density, defined as the total number of trees per hectare, stand biomass, stand basal area, etc. can significantly affect DPRs. At very low densities, all interactions between trees will be weak, whether they are competitive or complementary. As density increases, so will the intensity of the interactions. Complementarity effects have been found to increase [44] [45] [46] and decrease [44, 47, 48] , as stand density increases. The direction of the effect will depend on the resources (or climatic conditions) that are limiting growth and whether increasing density increases the strength of complementarity interactions for those resources more than it increases competition. Studies based on large inventory data sets have shown that stand density can be a stronger determinant of productivity than treespecies richness [4•, 49•] . All of these studies illustrate the importance of accounting for stand density when analyzing DPRs.
These studies also demonstrate different approaches to account for density. In planted tree diversity experiments, the initial density is controlled (same for each treatment) and the processes in Table 1 will then contribute to the development of inter-treatment differences in density; the different densities, and their effect on growth, become part of the treatment and may not need to be accounted for in analyses [13] . Therefore, these studies often compare treatments without adjusting for density (all plantation studies in Fig. 1) . Alternatively, when density effects are of interest, neighborhood indices are used to separate the effects of density from the tree-species richness or tree-species identity effects (e.g., [13, 20, 44, 50, 51] ). Both approaches are also used to analyze mixed-species plots established in existing forests, where initial density was not controlled and is not known. Here, differences in density may result from differences in age, soil/climatic conditions, previous management, disturbances, etc., and not species diversity. Therefore, in plots established in existing forest, it is important to ensure that the stand density of different diversity levels is the result of species interactions and not different management, stand disturbances, ages, and soil or climatic conditions [13] . Since quantitative information about previous management or natural disturbances is often unreliable or unavailable, most studies specifically focus on stands that are close to the maximum stand density and select at least one plot for each treatment at each site [52, 53] . When this cannot be done, these factors have been accounted for by using structured equation models [3, 4•, 49 •], multiple regression and grouping the data by site and density [54] , and by analyzing tree-level patterns using neighborhood indices [45, 55, 56] .
Evenness
The importance of evenness has long been recognized and incorporated into experimental designs such as replacement series [57, 58] . Generally, when there are complementarity effects, they are highest in the most evenly mixed treatments, e.g., the 1:1 treatments of two-species mixtures [24] or the treatments with the highest Shannon's index in more diverse plots [1••] . This occurs because the effects of processes listed in Table 1 are likely to be strongest, when each individual of a given species can directly interact with individuals of different species, rather than in distribution patterns where a high proportion of individuals of a given species interacts only with conspecific individuals rather than with those of a less common species, e.g., evenness in terms of spatial distributions. High evenness also indicates that even if the numbers of each species are similar, the contribution of biomass is also similar, as opposed to one or a few species dominating the others (e.g., [59] ).
Stand-or Neighborhood-Level Analysis of Stand Density and Evenness Effects
Stand density and evenness are stand-level variables, but it is not necessary to examine their effects on DPRs using large Bstand-level^plots, which requires a lot of time and money. Instead, they can be examined at the neighborhood level using neighborhood indices [13] . This makes use of the typical variability in the neighborhood of individual trees within a single forest plot in terms of stand density, species composition, and species proportions. Many studies have used neighborhood indices to examine and separate the effects of density, tree size, resource availability, and species proportions on productivity, resource uptake, or resource-use efficiency without the need for plot-level treatments/gradients in species diversity [20, 22, 44, 51, 56] . These neighborhood-level analyses will probably be valuable tools for future studies of DPRs because they also allow the analysis of older forest development phases, which are not yet represented by experiments. However, they will complement, not replace, stand-level approaches because those are required to examine stand-level patterns and processes or interactions with ecological disturbances that cannot be quantified by measurements at organ, tree or neighborhood levels.
Structural Diversity Can Increase and Decrease Productivity in Forests, Even in Monocultures
All of the processes in Table 1 that relate to structural attributes can, at least theoretically, also occur in monocultures. Indeed, structural diversity was positively correlated with forest productivity (Fig. 3) or above-ground biomass [60] in Canadian forests. Therefore, part of the diversity effects shown in Fig. 1 probably result from structural diversity rather than the species interactions and species diversity per se. From the framework of Fig. 2 and the production ecology equation, structural diversity will be most useful when it improves the capture or use efficiency of resources that are limiting. For example, structural diversity may be very valuable for processes related to microclimatic conditions, e.g., light absorption or CO 2 uptake, but of less direct value in stands Fig. 3 Relationships between productivity and tree-species diversity, size diversity (in terms of tree diameters or tree heights), or functional diversity. Species and size diversity were calculated using Shannon's index [128] , and functional diversity was calculated from the functional dispersion (a multidimensional index of functional diversity), which is the average distance of individual species from the centroid (center of mass) of all species, weighted by their relative abundance [130] . The productivity was quantified in terms of basal area increment, volume increment, or carbon increment. For a given study, the y axis shows the mean productivity of a given diversity level P diverse À Á divided by the mean productivity of the least diverse stands in that study P homogeneous À Á : For some studies, the Bmeans^were calculated from regression lines. The thick lines indicate the studies that accounted for factors that may have been confounded with diversity such as site characteristics, species pools, and stand density, either via the statistical analyses or because they were planted experiments limited by resources less dependent on structure or where complementarity effects are dominated by processes that are less dependent on structure, such as nutrient cycling. Similarly, structural diversity can be calculated in different ways (e.g., using diameter versus height in Fig. 3 [61]), each of which is likely to vary in its representation of processes in Table 1 and may change as stands develop and their structures change.
However, this structural diversity effect is not straightforward because it can simultaneously have a negative effect on stand growth, at least in the absence of genetic diversity. These negative effects can be significant, e.g., >10 % reduction in stand growth [62••, 63•, 64] . To separate the effects of structural diversity from species and genetic diversity, fast-growing clonal eucalypt plantations were examined, where structural diversity was increased in a Bheterogeneous^treatment by planting a third of the trees on day one, another third on day 40, and the other third on day 80. By age of 6 years, the wood biomass was 14 % lower in the more structurally diverse stands. These absorbed a similar amount of light, but they were less light-use efficient than the more homogeneous stands [63•] . That is, in the structurally diverse stands, the benefit the dominant trees had in terms of greater light absorption and light-use efficiency was outweighed by a reduction in the light absorption and light-use efficiency of the suppressed trees. However, similar experiments have not been carried out with shade-tolerant tree species, where the effect of structure on light-use efficiency may differ from the above experiments with highly shade-intolerant species.
Structural Diversity and Recruitment
As noted above, the framework of Fig. 2 is based on forest and plantation studies without recruitment. The many potential processes and structures that lead to recruitment and the many potential effects that recruited tree cohorts could have on growth and other ecosystem functions are beyond the scope of this review. Nevertheless, recruitment and mortality will influence the structural diversity of a forest and can themselves be correlated with the structural and species diversities [10] . Very few studies have examined DPRs in forests with recruitment, or quantified the contribution of the recruited cohort, the original cohort, and mortality, to tree species or size diversity-productivity relationships in forests [10, [65] [66] [67] .
Quantifying the Effect of Structural Diversity on Forest Functioning
Even in forests and planted experiments without any recruitment, the structural diversity of a stand is highly dynamic and its effects on productivity might be driven by several very different processes (Table 1 ) and therefore change in importance along spatial and temporal gradients in resource availability and climatic conditions (Fig. 2) . These are very difficult to either monitor over long-stand developmental phases or to reconstruct (e.g., [68] ). Therefore, we suggest that an efficient way forward is not to simply quantify and separate the effects of structural diversity and species diversity using indices (e.g., Shannon's index) and growth measurements but to combine this with a more process-based approach using the production ecology equation, the framework in Fig. 2 , and by linking tree-and stand-level patterns.
Next Steps
Much information has now been gathered about how tree species interact in forests, how large the complementarity effects on growth can be, and how these effects can be quantified [13, 16, 24, 69, 70] . The dynamics of these complementarity effects along spatial and temporal gradients in resources and climate are less well understood [34••] but are now receiving more attention because forest managers want to know where in the landscape, and in which phases of stand development, mixtures are beneficial. There are at least three main approaches that could be employed to develop this understanding and facilitate the transfer of information to practitioners. These include (1) experiments to provide empirical information under controlled conditions, (2) analyses of forest inventory data to provide regionally validated information across large spatial and temporal gradients, and (3) processbased models that link this knowledge and synthesize it into tools that can be used by forest managers.
A lot of attention has been given to the designs of planted experiments, and experiments established in existing forests, that provide detailed information about the processes in Table 1 while controlling for variation in resource availability, climate, stand density, age, species proportions, etc. [57, 58, [71] [72] [73] . In regards to measurements, the list of processes in Table 1 indicates the contribution that intra-and inter-specific differences in morphology, allometry, physiology, and phenology make to determine complementarity effects. While it should therefore be clear that it is necessary to take these differences into account when calculating complementarity effects or upscaling from the tree to the stand levels, they are sometimes ignored, such as when allometric or physiological information from monocultures is also applied to mixtures. This could strongly distort predictions of complementarity effects, resulting in misleading conclusions, and should be accounted for in future studies [13] .
Carefully designed experiments are valuable sources of data, but they can be expensive and labour intensive to establish and maintain. These can be complemented with inventory data, which provide regionally validated information about complementarity effects with a broad spatial and long temporal resolution. These data need to be analyzed carefully to account for factors such as stand density [13, 74] and variation in soil resources and climatic conditions. For example, site indices are commonly used in forestry to summarize the effects of all climatic and soil resources that affect growth, but these are problematic when analyzing complementarity effects because they do not indicate which resources or climatic conditions change along the gradient. Yet, some of these resources determining growth may change in opposite directions with gradients in site indices, and it is these factors, not the site indices, that drive the complementarity effects [34••] .
Experiments and inventory analyses are limited to the combinations of species, species proportions, site or climate characteristics, and management that were included in the data sets. However, there is often interest in the effects of different climatic conditions and novel combinations of species or management. Validated process-based forest growth models could be used to examine these scenarios [35, 36] . A recent review of forest growth models found that many could be used for mixed-species forests but very few have been validated by comparing their predictions of complementarity effects against measured complementarity effects [36] .
Conclusions
Positive DPRs in forests are the result of many different types of species interactions. The importance of these different processes or interactions change as resource availability and climatic conditions change from site to site and as stands develop. Complementarity effects for a given species combination generally change along spatial or temporal gradients in resource availability or climate (Fig. 2 ), but these dynamics have not yet received much attention at richness levels of >2. Progress with understanding the spatial and temporal dynamics of DPRs is likely to be made using a process-based approach within the framework of the production ecology equation. These studies could be complemented with inventory data to obtain regionally validated information and also to develop process-based models that can be used to examine a much larger number of species compositions, site and climatic conditions, and silvicultural treatments and essentially to become management tools for foresters [35] . Finally, while many of the world's forests are mixed-species stands, the framework in Fig. 2 indicates that these are not always more productive than monocultures. It is worth noting that the fastest-growing stands in the world include very uniform, clonal Eucalyptus plantations with volume increments of >80 m 3 ha −1 year −1 [64] , and these plantations are now specifically managed to be uniform to increase productivity. Species or structural diversities cannot increase the productivity of very efficient stands that are already at or near the physiological optimum and where a number of the benefits from mixed-species stands are addressed through management inputs such as fertilizers and control of weeds and pest species. It would be difficult to find species capable of competing with such trees in a mixture, and it is important to know when, where, and how this diversity is likely to be useful.
